Stringent environmental emission regulations and continuing efforts to reduce carbon dioxide (CO2) from the energy sector, in the context of global warming, have promoted interest to improve the efficiency of power generation systems whilst reducing emissions. Further, this has led to the development of innovative gas turbine systems which either result in higher electrical efficiency or the reduction of CO2 emissions. Micro gas turbines are one of the secure, economical and environmentally viable options for power and heat generation. Here, a Turbec T100 micro gas turbine (MGT) is simulated using Aspen HYSYS ® V8.4 and validated through experimental data. Due to the consistency and robustness of the steady state model developed, it is further extended to three different innovative cycles: (i) an exhaust gas recirculated (EGR) cycle, in which part of the exhaust gas is dried and re-circulated to the MGT inlet; (ii) a steam injected (STIG) cycle, and (iii) a humid air turbine (HAT) cycle. The steam and hot water are generated through the exhaust of the recuperator for the STIG and HAT cycle, respectively. Further, the steam is directly injected into the recuperator for power augmentation, while for the HAT cycle; the compressed air is saturated with water in the humid tower before entering the recuperator. This study evaluates the impact of the EGR ratio, steam to air ratio, and water to air ratio on the performance and efficiency of the system. The comparative potential for each innovative cycle is assessed by thermodynamic properties estimation of process parameters through the models developed to better understand the behavior of each cycle. The thermodynamic assessment indicates that CO2 enrichment occurs for the three innovative cycles. Further, the results indicate that the electrical efficiency increases for the STIG and HAT cycle while it decreases for the EGR cycle. In conclusion, the innovative cycles indicates the possibilities to improve the system performance and efficiency.
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BACKGROUND
According to the IEA [1] , the urbanization factor is increasingly leading to higher electricity demand. Currently 1.3 billion people lack access to electricity and there will be 1.7 billion more energy consumers by 2035. Further, more than 2 million people die each year due to indoor and outdoor air pollution [2] . Further, there is growing concern over the climate change across the globe due to the increasing trend in greenhouse gas emissions. Natural gas is a relatively clean fuel, and in the future energy mix, the share of natural gas power plants is expected to grow. Moreover, natural gas power plants are relatively cheap, flexible in operation and control, and emit less CO2 and NOx and nearly zero SOx compared to other fossil fuels.
Exhaust gas recirculation (EGR) is an innovative mode of gas turbine operation in which the exhaust gas is split: one part is emitted while the other part is dried before being recirculated to the gas turbine inlet. The benefits of EGR are a decreased flow rate with higher concentration of CO2 in the exhaust gas, which results in a decreased energy penalty when integrated with a CO2 capture system. In spite of the these advantages, the EGR cycle has various technical problems, including the maximum amount of the exhaust gas to be recirculated for maintaining the required level of flame stability, unburned hydrocarbons (UHC) and CO emissions. From the reported literature [3] [4] [5] [6] , it is recommended that the O2 concentration at the combustor inlet should be higher than 16% for efficient and stable combustion. It has been observed at 14% that higher levels of UHC and CO result. Sipocz and Assadi [7] integrated a post combustion capture plant with a 400 MW combined cycle at 40% EGR with a focus on the methods to reduce the reboiler duty by the steam extraction, and by using an external biomass boiler. Jonshagen et al. [8] developed an IPSE Pro model for the 300 MW GE 109 FB, combined cycle at 40% EGR and studied the effect of the EGR on the isentropic exponent and gas constant. This results in 8% CO 2 in the outlet and with a focus on the effect on the heat flux diagrams for the HRSG with different alterations for integration with the CO2 capture system. Studies have also included the effect of the EGR on the performance of the post combustion capture plant. A common conclusion may be drawn from the reported literature [9] [10] [11] [12] [13] that the EGR may enhance the performance of the gas turbine when integrated with a carbon capture system. Based on a techno-economic analysis, EGR may offer an opportunity to reduce the cost and offer economic benefits for the CO2 capture system [9, [14] [15] [16] . For commercial scale gas turbines, the effect of the EGR on the NGCC power plant is quantified by Canepa et al. [11] and Li et al. [13] , while economic evaluation has been performed by Biliyok et al. [9] and Canepa & Wang [15] . Most of the literature pertains to commercial combined cycle systems with an exhaust gas that already has a higher CO2 content than in the micro gas turbine. For MGT with EGR, the literature reports only 40% and 50% EGR ratios [17, 18] . Further, they have compared the EGR and HAT cycle and studied the effect of ambient temperature on the system performance. Cameretti et al. [19, 20] studied the effect of the EGR on the performance of the MGT for different types of fuels and the reduction of NOx through CFD modelling of the MGT. Other novel gas turbine technologies include steam injected gas turbine (STIG) and humidified air turbine (HAT). The waste heat after the expansion of the working fluid can be used to produce steam or to humidify the compressed air; which are then injected into the combustion chamber [21] . It results in an increased mass flow through the expander and hence an increased system efficiency. The different configurations of the STIG and HAT cycles can be found in the literature [22, 23] . Gallo [24] compared the efficiency for HAT, STIG, recuperated and simple cycles and concluded that STIG was better than HAT by varying the specific work. Wang et al. [25] compared the part load performance for the STIG, HAT, water injected with the recuperated and simple cycle. The thermodynamic analysis of the HAT cycle resulted in optimized operating configurations for the machines with higher pressure ratios that ranges from 10-35 [26, 27] . The integration of the HAT cycle with the post combustion capture and the oxy fuel combustion capture for the prototype gas turbine, LM1600PD with a power output of 13.78 MW showed a lower cost in comparison to the natural gas combined cycle [28] . Belokon et al. [29] observed inefficient combustion if the steam to air ratio is higher than 7% from the experiments performed on the LM5000 combustor. The humidification of the VT40 combustor from 0 to 33% of water injection reduced NOx emissions experimentally [30] .
The steam injection in the MGT, along with its thermodynamic analysis, showed an efficiency increase of 5% [31] while the validation with the experimental data and perturbation analysis indicated an efficiency rise of 2.2% [32] . The heat exchanger network design for the water injection in the MGT also results in an efficiency increase of 2% [33] . The HAT cycle configuration for the MGT, along with its thermodynamic assessment, indicates a 4% efficiency increase [34] and the techno economic assessment of the micro HAT cycle indicated an improved economic performance [35] . An exergy analysis, along with effect of the pressure ratio on the specific power and efficiency, indicated an improved performance for different cycle configurations for water and steam injection at different locations [36] . The spray saturator is designed for the micro HAT cycle by a parametric analysis of the co-, counter-and cross-current saturators [37] . The volume of the spray saturator in [37] is approximately the same as that reported by [34] for the humidifier with packing. The MGT with the HAT, when integrated with an amine capture plant, resulted in higher carbon capture efficiency due to the higher CO2 content [17] . De Paepe et al. [38] have performed the first experimental runs for the MGT with humid air operation.
In spite of the work performed on the commercial scale gas turbines, more work needs to be done to better understand the thermodynamic performance of the three novel cycles, including the EGR, STIG and HAT cycle for the MGT. However, none have compared the MGT for different alterations as performed in this work for the electrical and total efficiency improvements, emissions reduction, the reason and justification for these improvements, and the changing properties of the streams at different levels of the MGT. Due to the limited literature found in this area, an extensive study needs to be performed in this regard. The EGR cycle is relatively new in comparison to the STIG and HAT cycles, especially in the present scenario of targets for reducing CO2 emissions, and its limits needs to be defined as it results in CO2 enhancement with reduced flow rate. The change in the fluid nature, either due to the exhaust gas recycle or the water and steam injection, will affect the stream properties at different positions in the MGT and this result in the varying performance of the MGT. Further, this effect needs to be studied in detail for key parameters, such as density, heat capacity, and γ as they will disturb the behavior at large due to their contribution in the compressor and the turbine performance equations, and thus sets the focus of the present research. Therefore, this study aims to perform the process system comparison of the aforementioned cycles with MGT. The emphasis has been on analyzing the results generated from process simulation and investigating the thermodynamic properties of the system as a whole and the streams at different locations in the system to assess the performance of the innovative cycles.
In this paper, the Turbec T100 micro gas turbine is studied as the base case. The MGT is located at the UKCCS research center, Pilot-scale Advanced Capture Technology (PACT) facility in Sheffield, UK [39] . The MGT is modelled and simulated using Aspen HYSYS ® V8.4 and validated through the experimental data. The steady state model developed is further extended to three different innovative cycles, i.e. (i) EGR cycle, (ii) STIG cycle, and (iii) HAT cycle. This paper focuses on a systematic comparative analysis of the MGT, EGR, STIG, and HAT cycles in terms of performance and emissions. This study evaluates the MGT cycle against the impacts of the EGR ratio, steam to air ratio, and water to air ratio, respectively, on the performance and efficiency of the system. The availability of the thermal output is also quantified for each cycle configuration. The enrichment of CO2 in the flue gas for each novel cycle is quantified and its effect on the CO2 capture plant is implicitly defined. However, the details of the integration with the CO2 capture plant are beyond the scope of this research. The thermodynamic properties of the fluid at different locations of the MGT, for each alteration are assessed in order to determine the comparative impact on the performance.
PROCESS CONFIGURATIONS
This section deals with the configuration of the base case MGT cycle, EGR, STIG, and HAT cycle. The layout of each cycle, along with a brief description of the system and its modelling methodology, are presented. The behavior and limitations of each cycle are also discussed.
MGT CYCLE
The Turbec T100 MGT is a combined heat and power unit capable of producing 100kWe power with ~150kWth [40] . It comprises a centrifugal compressor, radial turbine and high speed generator, and all are mounted on the same shaft with a pressure ratio of 4.5:1. The combustor is a lean pre-mix emission type with low NOx, CO and UHC. There are also two heat exchangers, one is the recuperator used to preheat the compressed air before injecting it to the combustor using the hot exhaust gases from the turbine, thus increasing the efficiency of the turbine. The other is a gas-water heat exchanger, which generates thermal power by extracting heat from the outlet of the gas side of the recuperator. The configuration of the MGT components is shown in Figure 1 . The MGT with the recuperator and gas-water heat exchanger is designed for CHP generation. The MGT with CHP mode is modelled and simulated using Aspen HYSYS ® V8.4. The property package used for the thermodynamic property estimation is the Peng Robinson equation of state. Chemical equilibrium in the combustor is estimated by the minimization of the total Gibbs free energy. The major components of the model include the compressor, turbine, combustor, two heat exchangers, mixer and splitter. The model is capable of estimating minor species, including carbon monoxide, sulfur dioxide, as well as nitrogen based species, such as nitrogen dioxide, nitrous oxide and nitric oxide. The base case model was developed at ISO conditions [41] for 100kWe with the constraint of turbine inlet temperature (TIT) and turbine outlet temperature (TOT) within the limits of 950 o C and 650 o C, respectively. The composition of the natural gas used in the model is listed in Table  1 . The developed steady state base case model is extended to perform simulations for the different power outputs (50-100 kWe) to represent various operational scenarios. The turbine outlet temperature and flue gas composition were measured experimentally at the PACT Core facility. After evaluating against experimental data, the resulting model is sufficiently robust to analyze other novel MGT cycles. 
EGR CYCLE
Due to the lean pre-mix emission type combustor, the outlet exhaust composition is much leaner than in large commercial gas turbines. The composition of the CO2 is only 1.6 to 1.8 mol% in the MGT, while the CO 2 concentration from an industrial or commercial scale gas turbine is in the range of 3.8 to 4.4 mol% [11] [12] [13] 16] . Therefore, the MGT needs to be CO2 enhanced before integrating it with the carbon capture system. One option is the EGR in which the part of the exhaust gas is split, dried, and recirculated back to the MGT inlet. The default configuration of the MGT remains the same with the additional equipment, including a splitter for splitting the exhaust gas into two streams, a condenser for cooling and drying of the recycle stream to the required level, and a booster fan to recirculate the recycle stream to the compressor inlet. The EGR cycle model developed is shown in Figure 2 , with the upper dotted rectangle showing the default MGT, and the lower rectangle with dashed lines representing the recycle loop. The default MGT is still in the CHP mode while the recycle loop directs a portion of the exhaust gas back to the compressor inlet with the required properties. The amount of the exhaust gas recirculated can be defined by the following equation:
(1)
The steady state base case model of the MGT is extended to include the EGR mode. The EGR ratio is varied to evaluate the CO2 enrichment with a decreasing trend in the O2 concentration in the flue gas and affecting the performance of the system.
STIG CYCLE
An option to increase the efficiency of the system is the injection of steam into the MGT. The steam can be injected into the MGT at three different locations, the compressor inlet, compressor outlet/recuperator inlet, or recuperator outlet/combustor inlet. Each location has its own technical problems and benefits and further details can be found in the literature [42] . In this work, the water or steam is injected at the recuperator inlet. The steam can be auto generated by utilizing the waste heat available after the recuperator. In order to inject the steam smoothly, the injection pressure of the steam should be higher than the live stream pressure at the injection point. The steam is generated at the saturation pressure corresponding to the saturation temperature of 150 o C. The steady state base case model was altered in such a way to study the degradation of the thermal power due to the addition of the steam generator for auto steam generation. The three heat exchangers, namely recuperator, steam generator and gas-water heat exchanger, are arranged in series as shown in Figure 3 in order to extract as much heat as possible from the exhaust of the turbine whilst keeping the pinch point of each heat exchanger. The NBS Steam property package was chosen for the water loop in the STIG cycle and it gives better results in comparison to the ASME 1967 steam property package. 
HAT CYCLE
The pinch point limitation of the steam injection can be avoided by altering the MGT to a HAT cycle. Further, the need for steam generation can be avoided by the implementation of the humidification system, so that the exhaust gas temperatures closely match, in a reversible manner. In the humidification tower, the water evaporates below the boiling point corresponding to the partial pressure of the water in the mixture at the prevailing total pressure in the tower. The pinch point limitation of the boiler, plus the problem of not utilizing the low grade heat to evaporate the water limits the steam injection process; in contrast, in the humidified tower, the air is saturated with water so that the water stream evaporates across the height of the tower at the different saturation temperatures prevailing at the corresponding pressure; the process of humidification is nonisothermal in comparison to the isothermal boiling. In a HAT cycle, the compressed air passes through the humidification tower and the saturated air from the top of the tower passes through the recuperator and then to the combustor. The water entering the humidification tower is preheated close to the saturation temperature, through an economizer installed after the recuperator in series. In the humidification tower, air and water are in contact counter currently and thus results in an increase in the evaporation temperature as the air moves up the tower. The major components added to the MGT for the HAT cycle includes: the humidification tower for air humidification, the heat exchanger as an economizer for the water heating, the condenser to remove the water from the exhaust gas, two pumps (one for the condensate water recirculation back to the economizer, while second is for the recirculation of the water from the bottom of the humidification tower back to the economizer), the splitters, and the mixers. The splitter after the compressor is for the bypass of the humidification tower when the MGT is to be operated dry or on partial HAT. The HAT cycle is schematically shown in Figure  4 . The water recirculation reduces the water make-up; however, due to water quality issues, the regular make-ups are necessary. 
RESULTS AND DISCUSSIONS
In this section, the modeling and simulation of each case of the MGT, including the base case MGT, EGR, STIG and HAT are presented in detail along with their comparative performance. Each model is developed for a constant electrical power output of 100kW e at ISO conditions and maintaining the TOT constant at the same value as in the base case.
MGT BASE CASE
The MGT is controlled by the rotational speed it adopts itself by controlling the natural gas flow rate for a constant TOT of 645 o C. The base case model is developed at ISO conditions with an electric power output of 100kWe and this result in a thermal output of 153.3kWth. The base case model is in good agreement with the reference data [40] , and the details are listed in Table 2 . The model is evaluated against the available set of experimental data to check the flexibility of the model. The electrical power output is varied from 50 to 80 kWe to represent different operational modes and the simulations are performed for each case and compared with the mean values of some experimental data points. Further, the measured and simulated results are consistent and agree well. The measured and simulated CO2 and O2 molar gas composition in the flue gas at different electric power output are shown in Figure 5 (a) with mean percent absolute deviations of 7.4 and 2.0%, respectively. While the measured and simulated TOT is illustrated in Figure 5 (b) with a mean percent absolute deviation of 8.5%. It is necessary to mention that this set of experimental data was recorded over a short period of cold start-up, and this is the reason for the varying TOT.
The MGT is being modified to include more instrumentation at various locations for the temperature, pressure and flow rate measurements. It is expected that in the near future, more extensive experimental data will be available. The resulting validated model is robust enough to extend it to different alternatives of the MGT.
IMPACT OF EGR RATIO
From the aforementioned MGT base case, it is clear that the flue gas from the MGT is very lean with respect to the CO2 molar composition, and will increase the penalty when it is integrated with the carbon capture system. Because of this, the EGR cycle is implemented and its performance is evaluated by varying the EGR ratio from 0 to 80%. It is observed that with an increase in the EGR ratio, the CO2 molar composition increases while the O 2 molar composition decreases as depicted in Figure 6 (a). This can result in O2 starvation at the combustor inlet as the EGR ratio increases beyond some specific point. The limit of 16 mol% O2 at the combustor inlet for efficient combustion should be maintained based on the recommendations from the literature [4-6]. Below this limit, the combustion efficiency, stability, and kinetics will be negatively affected by the higher UHC and CO emissions [4] . Based on this limiting O2 value, Figure  6 (b) shows that the EGR ratio at or below 55% is recommended. The results of the EGR cycle at 55% EGR ratio are presented in Table 2 . The CO2 composition in the flue gas is increased by a factor of about 2.3 compared to the MGT with no recycle and this increase is approximately the same as that reported in the literature [8, 9, [14] [15] [16] for the commercial scale gas turbine systems with EGR. The efficiency for the EGR cycle is decreased to about 29% from 32.1% of the base case MGT cycle. This decrease is due to the blower power in recirculating the exhaust gas from the condenser pressure back to the compressor inlet. The effect of the EGR ratio on the decrease in the electrical efficiency is shown in Figure 6 (c). The flue gas flow rate of the EGR cycle decreases more than 50% of the base case MGT cycle which results in a better performance for the carbon capture plant. This, along with enhanced CO2 concentration, will benefit the economics of the system when integrated with a smaller-size carbon capture system. The enhanced thermal output of the EGR cycle in comparison with the MGT cycle results in an improved performance of the bottom Rankine cycle in commercial gas turbines.
IMPACT OF STEAM INJECTION
The auto generated saturated steam at a temperature of 150 o C is injected into the MGT at the compressor outlet/recuperator air side inlet and thus results in an increased electrical efficiency. For more details of the STIG model developed, refer to Section 2.3. The fractional increase in the electrical efficiency with the increase in the steam to air ratio is shown in Figure 7 , and the Table 2 , keeping the amount of the steam injected within the range reported in the literature [31] [32] [33] for the MGT. The increase in the electrical efficiency is due to the increased mass flow through the turbine section. Further, the steam injection leads to the increase electrical efficiency of 2% absolute, the same as reported by [32] . The condenser installed at the exit of the G/L heat exchanger results in the enrichment of the CO2 in the flue gas, which will be useful for the carbon capture plant as the increased partial pressure of the CO2 aids in its capture. The CO2 in the flue gas increases to 1.8 mol% for the STIG cycle from 1.6 mol% with no steam injection. The condenser also reduces the make-up water demand; however, due to water quality issues, the condensate is not recirculated in the model developed. The steam injection results in the degradation of the thermal output when steam is auto generated from the MGT. It may be concluded that the thermal mode needs to be disabled for the auto generation of the steam from the MGT due to the higher exergy destruction in the steam generator. The thermal output decreased by 37% from the base case MGT and hence the net total efficiency also decreased. For commercial gas turbine systems, steam injection may lead to the omission of the bottom Rankine cycle. However, steam injection may lead to combustion problems in terms of flame instability with higher UHC and CO emissions, which may need combustor modifications to mitigate this effect. For the MGT, as the steam injected is much less than the reported by [29] , it will not result in severe combustion instability in the MGT. 
IMPACT OF HAT
The MGT cycle is altered to check the behavior of the system when humidified air is used for the combustion and further expansion through the turbine. The details of the HAT cycle can be found in Section 2.4. The compressed air is passed through the humidification tower with the dimensions as in [34, 37] and the humidified air is injected once it is saturated at the outlet. If any carryover of the droplets occurs through the humidification tower, these can be evaporated by heating the air through the recuperator before the combustion section. The HAT cycle increases the electrical efficiency similarly to the STIG cycle. The fractional increase in the electrical efficiency with the increase after the water injection to air is shown in Figure 8 and the performance of the HAT cycle is listed in Table 2 . The amount of water injected is limited to, as reported in the literature [34] for the MGT. The HAT cycle increases the electrical efficiency by approximately 2% absolute, being approximately the same as reported by [33, 34] . The HAT cycle decreases by approximately 70% the thermal output and the net total efficiency is limited to 48.9% in comparison to 81.2% for the base case MGT. Part of the thermal duty is consumed by the economizer for the preheating of the water before injecting it into the humidification tower. Due to disabling of the thermal mode, the HAT cycle will also omit the bottom Rankine cycle in a commercial gas turbine system similar to the STIG cycle. The condenser will result in a negative make-up due to the extra water condensed then injected due to the higher H/C ratio of the natural gas. The extra water comes from the natural gas combustion due to the higher H/C ratio. The condenser also contributes to the enrichment of CO2 from 1.6 to 1.7 mol% in the flue gas. The injected water may cause combustion instability and flame fluctuation, which can be implied by the decrease of the TIT and TOT. NOx emissions are lower than the environmentally set standard for emissions; for each of the novel micro gas turbines studied and decreased for each alteration in comparison to the base case. NOx emissions are lowest for the HAT cycle in comparison to the other alterations, also reported by [30] . Hence, the HAT cycle needs combustor modifications to cope with the change of stream properties. 
COMPARATIVE POTENTIAL
The change in the thermodynamic properties of the fluid at different locations in all the aforementioned cycles is listed in Table 3 . The change in the thermodynamic properties is due to the change in the composition of the streams due to either the recycle or injection of water or steam. The mass density of the fluid follows the trend of HAT>MGT>STIG>EGR at the recuperator inlet and turbine inlet, while at the turbine outlet the 8 trend is HAT>MGT>EGR>STIG. The heat capacity of the EGR cycle at the recuperator inlet, turbine inlet and turbine outlet is higher than in the other three cycles. While at the recuperator inlet the trend of STIG>MGT>HAT is observed. On the other hand, at the turbine inlet and outlet, the heat capacity varies in the order of STIG>HAT>MGT. Similar trends can be traced for the ratio of molar specific heat at constant pressure to that at constant volume (γ) value. Due to the increased density, the heat duty of the recuperator is higher for the HAT cycle. However, for the EGR cycle the increased heat duty of the recuperator and G/L heat exchanger is due to the increased heat capacity. It can be concluded that the performance of the MGT with its different alterations can be judged by understanding the thermodynamic properties of the fluid at different locations. Despite the technical challenges for the each cycle presented, combustion instability is the issue of concern because it may result in flame instability along with higher UHC and CO emissions due to the change in the fluid properties. Modifications in the combustor may therefore be required for these three novel cycles. The injection of steam and water in the STIG and HAT cycles, respectively, may also result in an imbalance on the shaft as the mass flow of the fluid is different, which is expanding through the turbine section, in comparison to the fluid which is compressed.
CONCLUSIONS
The thermodynamic performance of three novel cycles, namely EGR, STIG and HAT cycles are compared with the base case MGT cycle. The thermodynamic analysis and process simulation provide detailed information on the performance of the novel cycles demonstrate the MGT applicability and flexibility.
The base case model of the MGT validated with experimental data can be reasonably used to evaluate the performance of the different novel cycles. The thermodynamic assessment and process simulation showed that the CO2 enrichment varies from 1.6 mol% in the base case MGT cycle to 3.7, 1.8 and 1.7 mol% in the EGR, STIG and HAT cycles, respectively. The increased CO2 content in the flue gas of all the novel cycles show a potential advantage when integrated with a CO2 capture plant. Moreover, for the EGR cycle, the flue gas flow rate could be decreased by 50%, which will require a smaller CO2 capture plant.
The results show that the electrical efficiency increases by 6% for the HAT and STIG cycles and decreases by 9% for the EGR cycle, from the base case MGT cycle with an electrical efficiency of 32.1%. Due to the higher total efficiency, the EGR cycle is superior to the other two cycles, especially for the integration with a CO2 capture system as a result of CO2 enrichment. However, at a distributive level of power generation, where the sole purpose is to have the highest electrical power output, the STIG and HAT cycles will be the preferred choices due to the higher electrical efficiency. Therefore, in spite of the technical challenges, the innovative cycles show the potential to improve the performance in terms of either efficiency or CO2 capture readiness due to CO2 enrichment. There is trade-off between CO2 enhancement and increase in electrical efficiency and the choice of MGT cycle should depend on the adopted criteria.
